Objectives: To determine whether the spectrum of mutations in marR in ciprofloxacin-resistant clinical isolates of Escherichia coli shows evidence of selection bias, either to reduce fitness costs, or to increase drug resistance. MarR is a repressor protein that regulates, via MarA, expression of the Mar regulon, including the multidrug efflux pump AcrAB-TolC.
Introduction
Ciprofloxacin is a second-generation fluoroquinolone antibiotic widely used in everyday clinical practice. Due to its potent bactericidal activity against a broad range of clinically relevant Gram-negative and Gram-positive bacteria, it is one of the first-line treatments for many infections.
1,2 Ciprofloxacin, and other fluoroquinolones, target the two essential bacterial enzymes, DNA gyrase and topoisomerase IV, involved in regulating supercoiling of DNA during DNA replication and mRNA transcription. The drug binds to the enzymes as they are in complex with DNA, thereby preventing them from resealing the double-stranded DNA breaks created while handling supercoiling. This blocks the progression of the replication fork, leading to an accumulation of doublestranded DNA breaks, and eventually cell death. 3, 4 In Escherichia coli, individual resistance mutations usually confer only small increases in resistance to ciprofloxacin and in order to reach clinically relevant levels of resistance (the European breakpoint for clinical resistance is 0.5 mg/L) 5 the bacteria need to acquire several genetic alterations in a stepwise fashion. 6, 7 Resistance to ciprofloxacin in clinical isolates of E. coli is strongly associated with combinations of mutations that alter the drug targets DNA gyrase (encoded by gyrA and gyrB) and topoisomerase IV (encoded by parC and parE) and mutations that upregulate drug efflux. [8] [9] [10] [11] [12] Bacterial cells have membrane transport systems that regulate vital processes such as influx of essential nutrients and efflux of toxic compounds (including antibiotics) to ensure cellular homeostasis. Mutations that upregulate the expression of efflux pumps result in increased expulsion of toxic compounds and reduced susceptibility of the toxic compounds. Bacteria commonly carry genes encoding several different efflux systems, which have been categorized into five major families of transporters: (i) the ATP-binding cassette (ABC) family; (ii) the major facilitator (MFS) family; (iii) the multidrug and toxic compound extrusion (MATE) family; (iv) the small multidrug resistance (SMR) family; and (v) the resistancenodulation-division (RND) family. 13, 14 Some efflux pumps are specific for one substrate, while others can expel a wide variety of structurally very different compounds.
The major efflux system in E. coli is the AcrAB-TolC pump, belonging to the RND family of transporters. 15, 16 This pump is composed of an inner membrane transporter protein (AcrB), an outer membrane protein (TolC) and a periplasmic adapter protein (AcrA) that couples the transporter and the exit channel to form a continuous channel out of the cell. AcrAB-TolC is a non-specific pump and can pump out a large number of compounds with little chemical similarity, including antibiotics (e.g. fluoroquinolones, tetracyclines, penicillins, chloramphenicol, rifampicin, novobiocin, fusidic acid), detergents (SDS), Triton X-100, oxidative agents, disinfectants and bile salts. 17 If the expression of the AcrAB-TolC pump is upregulated, the consequence is reduced susceptibility to multiple antimicrobial agents.
The expression of the AcrAB-TolC efflux pump is regulated at several levels. 13, 18, 19 The expression of AcrAB, encoded by the acrAB operon, is negatively regulated by the local transcriptional repressor protein AcrR and positively regulated by the global transcriptional regulator protein MarA. MarA is part of the marRAB operon, whose expression is regulated by the local transcriptional repressor protein MarR. Two dimers of MarR bind to two direct repeat sequences within the operator region of the marRAB operon, preventing binding of the RNA polymerase and thereby blocking transcription. 20 The MarA regulon has been identified by microarray studies to include around at least 60 genes spread out through the chromosome and involved in a variety of functions, and among these genes are, for example, acrAB and tolC of the efflux pump. 21, 22 Mutations that lead to relief of transcriptional repression by MarR result in increased transcription of the marRAB operon, consequent upregulation of the AcrAB-TolC efflux pump and reduced susceptibility to effluxed antibiotics. The phenotypes of mutations affecting expression of the MarA regulon extend beyond antibiotic susceptibility. MarA has been shown to be a virulence factor in E. coli, important for persistence in a murine urinary tract infection (UTI) model. 23 In addition, substrates of AcrAB include bile salts and mammalian hormones, indicating that expression of the pump plays a role in bacterial survival in their ecological niche. 24 Such mutations include inactivating mutations (deletions, insertions, frameshifts, nonsense mutations) in marR, single amino acid substitutions in marR residues involved in target DNA binding or dimerization of MarR sub-units, or mutations in the operator region of the marRAB operon to which MarR dimers bind to repress. 12, [25] [26] [27] In a recent study, 7 we combined sequence analysis of ciprofloxacin-resistant clinical isolates of E. coli and experimental measurements (mutation rate, MIC, relative fitness) with in silico modelling to explain the prevalence of dominant genotypes and the order in which resistance mutations accumulate. The study found that the most frequent genotype in ciprofloxacin-resistant clinical isolates of E. coli is gyrA S83L D87N parC S80I due to its relative fitness advantage over other mutations. Upon selective pressure of ciprofloxacin, the most common initial mutation was found to be gyrA S83L, followed by parC S80I and then gyrA D87N. All studied clinical isolates with a ciprofloxacin MIC .16 mg/L (17 strains) were found to have a fourth mutation or more, either another target mutation (parC or parE) and/or efflux regulator mutations (marR, acrR or soxR).
In this study, we screened the literature on fluoroquinoloneresistant clinical isolates of E. coli to identify the spectrum of mutations that appears in the efflux regulator MarR. The aims of the study are: (i) to characterize the mutations in terms of resistancerelated parameters (MIC and relative fitness); (ii) to ask whether the spectrum of mutations in marR in ciprofloxacin-resistant clinical isolates is dominated by inactivating mutations of the MarR repressor, as would be expected by selection for relief of repression; and (iii) if the spectrum of mutations in MarR is non-random, to ask whether this can be explained by differential effects on drug susceptibility and/or on the relative fitness of the mutants, associated with different types of mutations.
Materials and methods

Media and growth conditions
Bacteria were routinely grown in LB broth (Oxoid Ltd, Basingstoke, UK) or on Luria agar (LA; LB solidified with 1.5% agar, Oxoid Ltd, Basingstoke, UK). Growth competition experiments were performed in Mueller-Hinton (MH) broth (Difco Becton Dickson, MD, USA). MH agar plates (Difco Becton Dickinson, MD, USA) were used for MIC tests, according to EUCAST recommendations. When not specified otherwise, bacteria were grown at 37 C overnight (16-18 h ) and liquid cultures were aerated by shaking at 180-200 rpm.
Bacterial strains
Genetic constructions were made in the E. coli K12 MG1655 28 genetic background. Putative efflux mutations in marR were identified after a literature search of fluoroquinolone-resistant clinical isolates of E. coli (Table S1 , available as Supplementary data at JAC Online) and were introduced into MG1655 (LM179), or into an isogenic resistant strain, LM693, carrying three drug-target mutations by Lambda Red recombineering. 29 Information on the clinical origins of the isolates (most are UTI or bacteraemia isolates), and their independence, is given in Table S1 . The resistance marker kan-sacB was first inserted into different locations in marR using doublestranded recombineering with selection on LA plates containing kanamycin (50 mg/L). In a second Lambda Red recombineering step the kan-sacB cassette was replaced by the desired mutation in marR using single-stranded oligonucleotide recombineering 30 with counter-selection for sucrose resistance. 31 Each single-stranded oligonucleotide carried homology to the sequences flanking the inserted cassette and contained the mutation to be introduced. Mutations in marR from in vitro selections (Table S2) were moved from the strains in which they were originally selected into the WT E. coli background by duplication-insertion recombineering. 32 All marR mutations introduced into the reconstructed mutants were confirmed by local DNA sequencing.
Competitive fitness measurements
The mutant strains' competitive fitness relative to the fitness of the WT was determined in growth competition assays. Competitor strains were tagged by inserting a yellow (YFP) or dTomato (dT) fluorescent marker into the chromosome by P1-mediated transduction using standard methods. 33 Four to six independent cultures of a mutant strain with the YFP marker were competed against the same number of independent cultures of the WT with the dT marker. Another four to six cultures of each competitor with the dye-swapped combination were also competed. Competing cultures were mixed in a 1:1 ratio, 128-fold diluted in MH in a 96-well plate and grown overnight at 37 C and 900 rpm in a PHMP-4 Thermoshaker
Fitness cost constrains marR mutation spectrum JAC (Grant-bio, Cambridge) allowing for seven generations of growth per overnight cycle. The next day, the ratios of the competitors were determined using a magnetic-activated cell sorter (MACSQuant V R VYB, Miltenyi Biotech, Germany). The cultures of competing strains were again 128-fold diluted in a 96-well plate with fresh MH and allowed to grow overnight once more, with competitor ratios being measured again the next day. Competitions were performed in MH without ciprofloxacin (0 mg/L) and in MH with different concentrations of ciprofloxacin (0.002, 0.004, 0.006, 0.008 and 0.01 mg/L). Fitness differences between the competitors were calculated as the change in the ratio of the competitor strains between the two measurement timepoints according to previously described methods. 34 
Antibiotics
Kanamycin (Sigma-Aldrich, Stockholm, Sweden) was used at a final concentration of 50 mg/L. A 1 mg/mL stock solution of ciprofloxacin (SigmaAldrich, Stockholm, Sweden) was further diluted upon use to the final concentrations stated in the text.
MIC determination
The MIC of ciprofloxacin was determined using Oxiod TM M.I.C.Evaluator TM strips (Thermo Fisher Scientific, Basingstoke, UK) on MH agar plates according to the manufacturer's instructions. MIC was read after 18-20 h incubation at 37 C.
PCR amplification and local DNA sequencing DNA regions to be sequenced were PCR amplified and sent to Macrogen Europe (Amsterdam, the Netherlands) for sequencing. Routine PCR reactions were run in a S1000 TM Thermal Cycler (Bio-Rad Laboratories, Berkeley, CA, USA) using Taq C for 7 min before cooling to 4 C. For reverse transcription of RNA into cDNA a High Capacity cDNA Reverse Transcription kit (Applied Biosystems) was used with the following protocol: 25 C for 10 min, 37 C for 2 h and 85 C for 5 min. The oligonucleotide primers used are listed in Table S3 .
mRNA preparation and real-time PCR (qPCR) measurements qPCR was used to determine the effect of individual marR mutations on the expression of the genes marA, acrAB and tolC. Total RNA was extracted from cultures grown in LB with no antibiotics added, during exponential growth (OD 600 0.25-0.3), using an RNeasy Mini Kit (Qiagen). Cellular DNA was removed from the RNA preparations using a Turbo DNA-free TM kit (Ambion). RNA was reverse transcribed into cDNA using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). cDNA was diluted 1:10, 1:100 and 1:1000 in ddH 2 O. qPCR was performed with Fast SYBR TM green master mix (Applied Biosystems) using Eco Real-Time PCR Systems (Illumina) with the following thermal steps: 95 C for 10 min followed by 40 cycles of 95 C for 15 s and 60 C for 1 min. All qPCR measurements were done with three biological replicates. Two housekeeping genes, hcaT and cysG, were used as reference genes to quantify the transcriptional responses. 35 The oligonucleotide primers used are listed in Table S3 .
Results
Different spectrum of marR mutations in resistant clinical isolates and in in vitro-selected resistant mutants
MarR is a non-essential repressor protein that regulates expression of marA, the regulator of the Mar regulon that includes the AcrABTolC efflux pump. 13, 18 Mutations in marR can cause upregulation of the AcrAB-TolC pump and reduce susceptibility to ciprofloxacin and other antimicrobial drugs. 12, 27, 36 We investigated whether the spectrum of mutations associated with fluoroquinoloneresistant isolates was dominated by inactivating mutations as would be expected for a non-essential gene. 37 DNA sequences of ciprofloxacin-resistant E. coli clinical isolates (Table S1) , and mutants selected in vitro (Table S2) , were screened for putative marR resistance mutations. Among the resistant clinical isolates we identified 26 different mutations associated with 49 different isolates (Table S1 ). Among the mutants selected in vitro we identified 72 different mutations among 78 isolates (Table S2) . As MarR is a non-essential protein, inactivating mutations (deletions, insertions, frameshifts, nonsense mutations and amino acid substitutions) could in theory appear at any position throughout the gene. Mapping the mutations onto marR (Figure 1) showed that while mutations from both clinical and in vitro selections are widely distributed, there is also evidence for a locational bias. For example, among the clinical isolates single amino acid substitutions are preferentially located within the DNA-binding region of the gene. However, even more striking was the strong bias in the type of mutation associated with clinical isolates versus in vitro-selected mutants. There was a significant bias in the relative proportions of single amino acid substitutions and predicted inactivating mutations, when comparing the clinically selected isolates and the in vitro-selected mutants (Figure 2) . Among clinical isolates approximately 78% were single amino acids substitutions (Table S1 ), whereas this class accounted for only 13% of the in vitro-selected mutants (Table S2 ). The relative frequency of different mutational classes among the in vitro-selected mutants (dominated by frameshift mutations, Figure 1 ) is in accordance with the type of distribution expected for the occurrence of spontaneous mutations that inactivate a non-essential gene in the absence of strong purifying selection. 37 In contrast, the relative frequencies of mutation types among the clinical isolates suggest a strong selection bias against gene-inactivating mutations (Table S1 ). This selection bias might be caused by the fitness consequences of overexpressing the AcrAB efflux pump, but it could also be associated with other phenotypes of a misregulated MarA regulon that reduce bacterial persistence or virulence. 23, 24, 38 To test the hypothesis that the relative frequency of marR-inactivating mutations in clinical isolates is limited by counter-selection, we constructed a set of strains carrying individual marR mutations. Isogenic strains were constructed in MG1655, carrying 21 mutations found in clinical isolates (14 single amino acid substitutions, 5 predicted inactivating mutations and 2 small in-frame deletions, Table S1 ) and 15 mutations selected in vitro (1 in the non-coding sequence upstream of marR, 3 single amino acid substitutions and 11 predicted inactivating mutations, Table S2 ). The mutations chosen for reconstruction included all of the mutations identified in the coding sequence of Praski Alzrigat et al. Ciprofloxacin susceptibility and relative fitness of isogenic mutant strains
The MIC of ciprofloxacin and the relative fitness in competition assays (in the absence of ciprofloxacin) were measured for each of the isogenic mutant strains (clinical , Table S4 ; in vitroselected, Table S5 ). The MIC for each of the mutants was greater than that for the WT MG1655 strain (0.015 mg/L), with values that ranged from 0.023 up to 0.06 mg/L. The values for relative competitive growth fitness of the individual mutants in the absence of ciprofloxacin differed by up to 10% per generation. One striking feature of the data is that the mutants with the highest relative fitness (clustering around a value of 1) are also those with the lowest MIC. In contrast, mutants with the highest MIC values tend to have the lowest fitness values (Figure 3) . A second striking feature of the data is that all of the alleles with the highest relative fitness values were originally found in clinical isolates, whereas all of the in vitro-selected mutants cluster in a group of alleles with high MIC and low fitness (Figure 3) . Finally, mutations that are predicted to inactivate MarR form a cluster with high MIC and low relative fitness (Figure 3 ). These distinct groupings (low MIC being associated with high fitness, and high MIC being associated with lower fitness) were maintained when 13 of the marR mutations were placed in a ciprofloxacinresistant genetic background carrying multiple target mutations (Table S6) . We concluded that among the clinical isolates with mutations in marR there is a strong selection for high relative fitness in the absence of ciprofloxacin that is associated with relatively small increases in MIC. An implication of this conclusion is that if a low-cost marR mutation arose as a first-step mutation during the evolution of resistance, it could persist and act as a stepping stone for the selection of subsequent low-cost gyrA and parC mutations. 
DNA-binding region
In vitro selected Figure 1 . Location of genetic differences in marR in resistant mutants. Linear maps of marR, drawn approximately to scale. The boxed area represents the coding sequence (144 codons) and the black line to the left represents the upstream 90 nt containing putative regulatory sequences: Shine-Dalgarno sequence (nt # 9 to # 12); 44 RNA polymerase #10 and #35 promoter sequences (nt # 35 to # 63); 44, 45 MarR binding sites (nt # 1 to # 23 and #35 to # 58); 44, 45 Possible AcrR binding site (nt # 63 to # 72); 46 Mar-box sequence (nt # 80 to # 99). 47, 48 Green shading represents sequence coding for the DNA-binding region of MarR (aa 55-100). Brown shading represents sequence coding for the regions involved in dimerization of MarR (aa 10-22 and 123-144). 49 Sequence differences relative to marR from MG1655 are indicated: differences found in ciprofloxacin-resistant clinical isolates are shown above each map; mutations selected for ciprofloxacin resistance in vitro are shown below each map. Each genetic change is unique unless indicated otherwise by an associated number on the map (e.g. 18 ciprofloxacin-resistant clinical isolates had an amino acid change at codon K62 in the DNA-binding region). Fitness cost constrains marR mutation spectrum
JAC
Relative fitness of marR mutations increases as a function of ciprofloxacin concentration
Because many of the marR alleles found in clinical isolates confer very modest increases in ciprofloxacin MIC, it could be asked whether these increases have any selective significance in the presence of ciprofloxacin. To address this we competed isogenic strains carrying clinically selected marR alleles against the isogenic WT strain, at different concentrations of ciprofloxacin (Figure 4) .
The clinical alleles chosen were four single amino acid substitutions and two predicted inactivating mutations. The competition assays showed that all six mutations conferred a competitive fitness advantage that increased as a function of ciprofloxacin concentration. The single amino acid substitutions in marR with the lowest MICs (D76G and V79I, MIC 0.023 mg/L) each had a relative fitness similar to that of the WT in the absence of ciprofloxacin (1.01+0.01 and 1.00+0.01), but showed a selective advantage over WT as drug concentrations approached the MIC for the WT (Figure 4 ). Mutations with higher MIC values (L78M, MIC 0.03 mg/L and R73G, A52fs and Q110*, MIC 0.06 mg/L) had a lower fitness than the WT in the absence of drug (in agreement with the growth competition measurements made in the absence of ciprofloxacin and shown in Figure 3 ), but a significantly greater relative fitness than the susceptible WT as the ciprofloxacin concentration approached the MIC for the WT (Figure 4) . We concluded that all of the mutations found in clinical isolates conferred a selective advantage in the presence of ciprofloxacin approaching the MIC for the WT.
Mutations in marR affect the level of the positive regulator marA and efflux pump components
We investigated whether the differences in MIC and relative fitness associated with the different mutations in marR correlate with the relative level of expression of marA, the regulator of the Mar regulon. We used qPCR to measure the level of marA mRNA in isogenic strains carrying 15 different mutations in marR, representing the full range of variation in MIC (Table S7 ). The strains tested included several with mutations in marR that cause a 4-fold increase in MIC of ciprofloxacin, from 0.015 to 0.06 mg/mL, corresponding to the maximum fold increase in MIC previously measured for mutations Table S4 (clinical isolates) and Table S5 (isolates selected in vitro). Praski Alzrigat et al.
that inactivate the MarR repressor. 6, 39, 40 While the normal physiological regulation of the Mar regulon is associated with inducers that interact with the MarR repressor to modulate its interaction with the operator sequence, in the case of mutations that reduce the activity of the MarR repressor the expectation is that induction should occur in the absence of any chemical inducer. The results showed a strong correlation between the MIC associated with a particular mutation and the relative level of marA mRNA measured by qPCR in the absence of any added chemical inducer ( Figure 5 ). We concluded that mutations in marR that increase the MIC of ciprofloxacin relieve the repression of marA, and that the degree of de-repression can explain the increase in MIC. We next investigated whether these increases in the level of marA caused an associated increase in the level of components of the AcrABTolC efflux pump. Using qPCR we measured the levels of mRNA for acrA, acrB and tolC, in each of the 15 marR mutants (Table S7) . The data showed a positive correlation between increases in the level of marA mRNA and increases in the levels of each of the mRNA's encoding efflux pump components ( Figure 6 ). Although the error bars are somewhat wider for acrA (R 2 value 0.78) than for acrB (R 2 value 0.93), the slopes of the correlations for acrA and acrB are almost identical, increasing from approximately 1 up to 3 over the same range of marA mRNA concentrations ( Figure 6 ). We concluded that the degree of reduced susceptibility to ciprofloxacin associated with individual mutations in marR correlates with increased expression of the positive regulator marA, and of the components of the AcrAB-TolC efflux pump.
Discussion
One of the factors contributing to reduced susceptibility to ciprofloxacin in E. coli is overexpression of the major multidrug efflux pump AcrAB-TolC. 12, 13, 41, 42 Expression of this pump is transcriptionally activated by MarA, which in turn is negatively regulated by the repressor protein MarR. 13, 19 Mutants of E. coli in which the AcrAB-TolC pump is constitutively overexpressed frequently have mutations in marR. 7, 12 Because marR is a non-essential gene, a variety of different mutational types could be expected to reduce repressor activity and lead to overexpression of the efflux pump. The expectation, based on mutational target size, 37 is that the most frequently occurring class of mutations in marR should be gene-inactivating mutations. These inactivating mutations would include partial or complete deletions, insertions of IS elements, nonsense mutations and frameshift mutations, all of which are predicted to lift repression by inactivating MarR, and consequently induce overexpression of the efflux pump. Repressor inactivation would be expected to induce the greatest increase in pump expression and thus the greatest increase in MIC. If, however, derepression of the Mar regulon incurred a fitness cost, then there might be a counter-selection against gene-inactivating mutations. The factors contributing to the fitness costs in vivo could include the costs directly associated with upregulating the AcrAB efflux pump, but they could also include other factors regulated by MarA, including resistance to bile salts, 38 or impaired virulence. 23 Accordingly, if fitness cost were a significant constraining factor in clinical strains, the hypothesis predicts that the mutations that would be preferentially selected in resistant isolates would be those that reduced susceptibility without incurring significant fitness costs.
In this study, we tested the hypothesis that there is a trade-off between reduced susceptibility and increased fitness costs that acts as a selective constraint on the particular marR mutations that can accumulate in resistant clinical isolates. To address the question we surveyed the frequencies of different mutational Table S7 ). Data are an average of three independent biological experiments, each with three technical replicates.
Fitness cost constrains marR mutation spectrum JAC types that are selected for reduced susceptibility in vitro, relative to the mutational types that are found in resistant clinical isolates (Figure 1 ). The two groups of strains had very different distributions of the different mutational types, with a very strong bias among the clinical isolates against gene-inactivating mutations (Figure 2 ). This difference in mutational types also correlated with a significant difference in the phenotypes associated with the mutations (Figure 3 ). In general, the mutations selected in clinical isolates were strongly biased in favour of those that incurred very small fitness costs, and conferred small reductions in susceptibility to ciprofloxacin. The mutations selected in vitro were heavily biased in favour of inactivating mutations and generally caused greater reductions in susceptibility. Our data suggest that in balancing the fitness costs of constitutive overexpression of the Mar regulon, versus the benefit of reduced susceptibility, clinical isolates favour mutations in marR that confer only small reductions in susceptibility to ciprofloxacin. This conclusion is probably not limited to mutations in marR but may have more a general application. Expression of the AcrAB pump is also regulated by other non-essential regulator proteins, AcrR and SoxR. 13 Mutations in each of these regulators have been identified in clinical isolates, and when selected in vitro have been shown to cause upregulation of pump expression and reduced susceptibility. 13, 43 However, a recent analysis of the genome sequences of several hundred ciprofloxacin-resistant clinical isolates of E. coli showed that the frequency of mutations in any of the pump regulators was very small relative to the frequency of target mutations. 7 The low frequency of mutations in these nonessential genes is indicative of a strong purifying selection and suggests that constitutive upregulation of the AcrAB efflux pump is not a favoured strategy for developing clinical resistance. This strong selection against incurring fitness costs could also explain why those clinical isolates with the highest levels of resistance often carry additional mutations in drug target genes such as gyrA, gyrB, parC and parE, 7 even though such specific amino acid substitution mutations are expected to occur much less frequently in target genes than inactivating mutations in non-essential repressor genes.
We conclude that in the clinical strains the selection pressure to reduce fitness costs severely constrains the spectrum of mutations that can be accommodated in marR. Although selection favours mutations in marR that cause only modest reductions in susceptibility to ciprofloxacin, our measurements of competitive fitness (Figure 4) show that these selected mutations can confer a growth advantage in the presence of increasing concentrations of ciprofloxacin. 
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